In order to fully use the advantage of legless body and rhythmic gaits to realize the inspection task, the snake-like robots and dynamic simulators are developed with components available online and open source software. The Serpenoid Curve formula is adopted to generate the joint rhythm of snake-like robot to realize serpentine locomotion. The serpentine locomotion of snake-like robots on land and in water is studied in details with experiments. This work wishes to provide the technical solution for researchers from different institutes to show the performance of the designed algorithm comparing to the other works and for the practical applications of snake-like robots in the near future.
Introduction
Snake-like robots were used to imitate the slim and legless body of snakes (Bauchot, 1994) . Normally the orthogonal series (Zhenli et al., 2005) , flexible cable-driven (Paap et al., 1996) and coupling-driven (Changlong et al., 2009 ) are adopted to construct the mechanical system of snake-like robots, as shown in Fig. 1 .
Besides moving on ground with serpentine locomotion, concertina locomotion and side-winding locomotion, some amphibious snake-like robot can swim in the water, as show in Fig. 2 (Yamada et al., 2005; Shumei et al., 2012) . Some fish-like robots or salamander-like robots are also developed with different kind of actuators, as shown in Fig. 3 (Crespi and Ijspeert, 2009; Westphal et al., 2011) .
In recent years, with the development of computer software technology, the dynamic simulators of snake-like robots are also designed with ODE (Open Dynamics Engine)-based tools. It can give help on the real robot design and the efficiency study of robot motion.
Until now, there is no cheap snake-like robot available on market to provide the research platform for researchers from different places to show the performance of their designed algorithm comparing to the other works. In this paper, the mechanical system and control system constructed by the components available online are adopted to develop of the snake-like robot. The dynamic models of snake-like robots are also developed with open source software. The Serpenoid Curve formula is adopted to generate the rhythmic of joint for the snake-like robots to realize serpentine motion on land and in water. It is an option for researchers to represent the work of the other publications.
Snake-like robot for the motion control on land
The snake-like robot with orthogonal series joints, as shown in Fig. 4(a) , is developed for the study of the serpentine (Zhenli et al., 2015a,b) . The parameters of the snake-like robot are shown in Table 1 . The parameters of the joint motors are shown in Table 2 . The orthogonal series joint is 2 DOF (Degree of Freedom), as shown in Fig. 4 (b). The contacting mechanism of the snake-like robot is developed with bi-directional passive wheel or uni-directional passive wheel, as shown in Fig. 4 (c) and (d).
Control system of the snake-like robot
The control system is mounted on the tail of the snake-like robot. The joint motors are controlled by a motor control board, which can control 24 motors, as shown in Fig. 5 (a). The motor control board is connected with an ARDUINO UNO control board (ArduinoBoardUno, , as shown in Fig. 5 (b). The blue tooth modular (Bluetooth, Documentation, 2015) , as shown in Fig 
Serpentine locomotion control
The Serpenoid Curve formula proposed by Prof.S. Hiros (Hiros, 1993 ) is adopted to generate the joint rhythm to control the snake-like robot to realize serpentine locomotion. The formula is shown in (1).
where Servoangle [i] is the joint angle of ith joint, i = 1, . . ., 8;˛ is the bending angle of the Serpenoid Curve; kn is the number of S-shape; arcs is the arc length of Serpenoid Curve, which is changed with changing speed of s; N is the number of joint; L is the total length. With the parameters shown in Table 3 , the snake-like robot can realize serpentine locomotion. The average speed of the snake-like robot with the bi-directional passive contacting mechanism is 0.3054 m/s, the experimental result is shown in Fig. 6 . The average speed of the snake-like robot with the uni-directional passive contacting mechanism is 0.076 m/s, the experimental result is shown in Fig. 7 . 
Infrared sensor-based obstacle avoidance
The infrared sensor (E18-D80NK) (E18-D80NK infrared Sensor Documentation, 2015) with three cables (power, ground, signal) connected with ARDURINO UNO control board, as shown in Fig. 8(a) , is mounted on the top of snake-like robot, as shown in Fig. 8(b) . Through adding a bias in formula (1), the snake-like robot can realize the turn motion during serpentine locomotion. The formula is shown in (2).
where unit len = 130.0 mm, k1 is a parameter to regulate the amplitute of turn motion. The infrared sensor can generate different value of k1. In the following experiment, if there is no obstacles (k1 = 0), the snake-like robot will move toward a line direction; if the snake-like robot detects the obstacle through the infrared sensor, the control system will set k1 = 0.013 to drive the snake-like robot to turn left. The experimental result of infrared sensor-based obstacle function is shown in Fig. 9 . 
Comparisons of locomotion speed under different ground surface friction coefficient
In order to study on the performance of the snake-like robot under different ground surface friction coefficient environment, a device is developed, as shown in Fig. 10(a) . The experiments to measure the force of rolling friction and the force of sliding friction are shown in Fig. 10(b) and (c) respectively. Different tapes, as shown in Fig. 11 , are stuck to the surface of the passive wheels to get the serpentine locomotion speed of the snake-like robot under different ground surface friction coefficient enviroment. The results for the snake-like robot with bi-directional passive wheel contacting mechanism are shown in Tables 4-6. When the cloth adhensive tape, as shown in Fig. 11(d) , is used to put on the surface of the passive wheel, the robot cannot move normally, as shown in Fig. 12 . The parameters is as follow: {ROLLING} = 0.32, {SLIDING} = 0.56. 
Dynamic simulator of the snake-like robot for the motion control on land
In order to avoid the error from the mechanical system and other devices in the real system, a dynamic simulator of the snake-like robot is developed within V-REP (Virtual Robot Experimentation Platform) (V- REP Documentation, 2015) , as shown in Fig. 13 . With the parameters shown in Table 3 , the simulator can realize serpentine locomotion, as shown in Fig. 14 , and the average speed is about 0.086 m/s.
In the simulator, we can also get the joint position during the movement. The angle value of joint 1 is shown in Fig. 15 , where vertical axis is joint angle in deg, and horizontal axis is time in second.
Dynamic simulator of the snake-like robot for the motion control in water
Snakes can swim elegantly in water, as shown in Fig. 16 . It is very important to know how to control snake-like robot to swim in water (Zhenli et al., 2008 (Zhenli et al., , 2015c Crespi and Ijspeert, 2006) .
Another dynamic simulator of the snake-like robot is also developed within V-REP for the study of swimming motion in water, as shown in Fig. 17 .
With the same parameters shown in Table 3 , the simulator realized serpentine swimming motion in water, as shown in Fig. 18 , and the average speed is about 0.036 m/s. 
Conclusion
In this paper, the practical solutions to develop of snake-like robots with all components available online and dynamic simulators of snake-like robots with open source software have been presented. The Serpenoid Curve formula is adopted to generate the joint rhythm for the snakelike robot to realize serpentine locomotion on land and swimming motion in water. The infrared sensor based obstacle avoidance function and comparisons of locomotion speed under different ground surface friction coefficient environment have been studied through experiments. This work wishes to provide the benefits for researchers from different area to develop of snake-like robot platform to show the performance of their designed algorithm comparing to the other works and represent the experimental results in existing publications.
